Abstract-The parabolic equation (PE) method for estimating propagation characteristics of millimeter wave, which can take into account of attenuation caused by complex meteorological environment, is proposed. The meteorological environment is treated as a mixture comprised of hydrometeors and atmospheric gases. The effective permittivity of the mixture is considered in this paper. Based on the effective permittivity, the PE model for estimating propagation attenuation of millimeter wave is developed via modifying the refractive index. Finally, the model is employed to simulate the propagation characteristics of millimeter wave in complex geographical environments of irregular terrain and rough sea surface, and in complex meteorological environments of standard atmosphere, rain and fog.
INTRODUCTION
Millimeter-wave technology has been widely used in radar, communication, detection systems, and so on [1] [2] [3] [4] . But the propagation characteristics of millimeter wave can be easily affected by meteorological environments as it propagates in the troposphere. The effects are mainly due to the absorption of atmospheric gases, scattering and absorption of hydrometeors, such as raindrops, fog drops and so on [5, 6] . In bad weather conditions, such as rain or fog, the propagation attenuation caused by the atmospheric gases and bad weather may become serious, which may affect the performance of millimeterwave systems in most cases. So, the study of the propagation characteristics of millimeter wave in meteorological environments is of great significance.
The parabolic equation (PE) method was introduced by Leontovich and Fock in the 1940s [7] . It can take account of wave refraction and diffraction, and give a more accurate solution for the field in the presence of range-dependent environments [8] . Because of its numerical efficiency, the PE method has been predominantly used in tropospheric propagation prediction [9] [10] [11] [12] [13] . However, it is less applied in meteorological environments formed by hydrometeors and atmospheric gases. In this paper, the PE method is employed to model the propagation attenuation of millimeter wave caused by the meteorological environments with complex boundary conditions. The proposed model can provide accurate electromagnetic data with complex geographical and meteorological conditions, which has great reference value for the design and use of millimeter-wave systems.
This paper is organized as follows. Section 2 briefly introduces the PE method. In Section 3, we introduce a method for the effective permittivity of mixture comprised of hydrometeors and atmospheric gases. A model for propagation characteristics of millimeter wave in complex environments based on PE method is proposed and applied to the study of millimeter-wave propagation with geographical and meteorological conditions in Sections 4 and 5, respectively. The conclusion is given in Section 6.
THE PARABOLIC EQUATION METHOD
We define a reduced function u(x, z) = e −ik 0 x ψ(x, z), where ψ(x, z) represents a scalar electromagnetic field component. Here, the x-axis is the direction of the wave propagation, and the z-axis represents the vertical direction. The two-dimensional wide-angle parabolic equation (WAPE) can be obtained from the Helmholtz equation based on the approximation proposed by Feit and Fleck [8] ∂u ∂x
where k 0 is the wave number in vacuum; n= √ ε r is the refractive index, and ε r is relative permittivity of the medium. The WAPE can be solved by the split-step Fourier transform (SSFT) algorithm, which is one of the most widely-used and efficient techniques. The SSFT solution of WAPE is written as [13] u
where and −1 are the forward and inverse Fourier transforms; p = k 0 sin α is the transform variable, α is the propagation angle relative to the horizontal. Once the initial field distribution at x=x 0 is given, u(x + ∆x, z) can be calculated along the x-axis in steps of ∆x. The refractive term e ik 0 ∆x(n−1) in formula (2) represents the effects of the medium, taking into account the effects of atmospheric gases and hydrometeors at the same time, we treat them as a mixture in this paper. And in the millimeter wave propagation process, the effects, as described in the preceding section, can be incorporated into the PE model via modifying the refractive index n= √ ε eff [8] , where ε eff is the relative effective permittivity. The following section describes the method for relative effective permittivity of the mixture.
THE EFFECTIVE PERMITTIVITY OF THE MIXTURE

Atmospheric Complex Refractivity
The atmospheric complex refractivity is defined by
where n 0 is the atmospheric refractive index. N is the sum of non-dispersive refractivity N 0 and the frequency-dependent dispersive refractivity N (f ) [14] 
The non-dispersive refractivity N 0 is given by [5] 
where p is atmosphere pressure in millibars, T is temperature in Kelvin and e w is water vapor pressure in millibars. The e w can be obtained from the saturated water vapour pressure and relative humidity (RH) using the expression e w = RH · e s (T )
The saturated water vapour pressure at the temperature of T is given by [15] e s (T ) = 6.105 exp 25.22
The dispersive refractivity N (f ) can be calculated by [16] 
where S i is the strength of the i-th line;
is the dry continuum due to pressure-induced nitrogen absorption and the Debye spectrum. The values of abovementioned parameters are specified by [5] and [16] . Hence, with the meteorological parameters of p, T and RH, the permittivity of the atmosphere ε 0 can be given by
The Effective Permittivity of Fog Medium
In the temperature range −18 to 20 • C, fog is composed of many suspended water drops at the bottom of atmosphere. Shape of the fog drop can be assumed to be spherical because its diameter generally is smaller than 0.1 mm. Hence, Maxwell Garnett formula can be employed to obtain effective permittivity of fog medium formed by fog drops and atmospheric gases. The Maxwell Garnett formula is given as [17] 
where ε w is the permittivity of water, which is calculated by the Debye formula in this paper; ε 0 is the permittivity of the atmosphere, which can be obtained from formula (9); and, v is the volume concentration of fog drops, which can be obtained based on the relation between liquid water content of fog and the density of water. The fog can be divided into advection fog and radiation fog based on the terrain and the forming mechanism. The relationship between visibility V (km) and liquid water content of fog W (kg/cm 3 ) is empirically given as [18] 
According to the visibility, the liquid water content of fog can therefore be calculated from visibility. And we can have the effective permittivity of the fog medium based on the formula (10). Figure 1 and Figure 2 show the variations of the relative effective permittivity of fog medium with visibility and frequencies, respectively. We observed from Figure 1 that the effective permittivity decreases with visibility and approaches the values of atmospheric gases when the visibility becomes small enough. Because the size of fog drops is larger, the effective permittivity of advection fog is larger than that of radiation fog with the same visibility. From Figure 2 we can see that the real part of the effective permittivity is not sensitive to the frequency of radio wave. But the imaginary part increases with frequencies and indicates four peaks caused by the absorption of atmospheric gases. 
The Effective Permittivity of Rain Medium
Rain medium is formed by rain drops with different shapes and sizes in atmosphere. The diameter of the rain drops ranges from 0.1 to 8 mm, since the drops with diameter larger than 8 mm are unstable and break up. The shape of the rain drop can be assumed to be spherical if its diameter is smaller than about 1.5-2 mm; otherwise, it is oblate ellipsoidal. So, the effective permittivity of rain medium can be calculated by the following formula [13] :
where ε 0 is the permittivity of the atmosphere,which can be obtained from formula (9) ; N (D) is the raindrop spectrum, which is chosen as Marshall-Palmer-spectrum in this paper; D is the equivalent diameter of a single rain drop; α is the polarization rate; L i is the diagonal depolarization dyadic, which is determined by the shape of rain drop and L i = 1 3 for the spherical rain drops; u i is the direction of axis of rain drop. The polarization rate α is given by [13] 
where v 0 is the volume of one rain drop. For high-frequency fields, the raindrops will reradiate as their dimensions become comparable to the wavelength. Therefore, the polarization rate is modified as
where α h and α l are the polarization rates at the high frequencies and low frequencies, respectively. The characteristic frequency f r and the value of m are given by [19] . Because the diameters of the rain drops are comparable to the wavelength, the high frequency approximation method should be used at millimeter wavelengths. Figure 3 shows the relations between the relative effective permittivity of rain medium and frequencies for horizontally and vertically polarized waves. We observed that the effective permittivity of the horizontal polarization wave is larger than that of the vertical one. Like the fog medium, the real part is also not sensitive to the frequency. And the imaginary part shows two peaks at two frequencies that are caused by the absorption of atmospheric gases.
THE PE METHOD IN MIXED ENVIRONMENTS
Based on the effective permittivity of meteorological environments, the PE model for estimating propagation attenuation of millimeter wave is developed via modifying the refractive index. The results of attenuation in fog environment and rain environment obtained by the PE method are shown in Figure 4 and Figure 5 respectively. For comparison, the corresponding results computed by the ITU-R model are also shown in Figure 4 (b) and Figure 5 . In fog environment, the attenuation caused by atmospheric gases and fog drops are obtained by ITU-RP.676 and P.840 model, respectively, which can be seen in Figure 4(b) . In rain environment, the attenuation caused by atmospheric gases and rain drops are obtained using both ITU-RP.676 and P.838 models, which can be seen in Figure 5 . We can observe that the results from the two methods are in agreement at millimeter wave band, and this demonstrates the validity for the PE method for modeling the attenuation caused by atmospheric gases and hydrometeors. We also can observe clearly that the attenuation in fog environment decreases with visibility. Attenuation in both in fog environment and rain environment increases with frequencies and appear some absorption peaks, which caused by the absorption of atmospheric gases. The radio wave propagation model in complex geographical and meteorological environments based on PE method is proposed, which is shown in Figure 6 . On each step of SSFT-PE, the meteorological environment should be confirmed firstly. In bad weather, the effective permittivity of the mixture will be calculated. Otherwise, the atmospheric complex refractivity obtained by formula (9) will be used to modify there fraction term of PE. The piecewise linear shift map technique [20] and the MillerBrown approximation [8] are incorporated into parabolic equation method for modeling propagation over irregular terrain and rough sea surfaces, respectively. 
RESULTS AND DISCUSSIONS
We apply the model to simulate the propagation of millimeter wave in complex geographical and meteorological environments. The geometry of the complex environments is shown in Figure 7 . Figure 7 . Geometry of the complex environments.
A horizontally polarized Gaussian antenna is located at an altitude of 40 m, with a beam width of 2 • , and at a frequency of 35 GHz. The complex environments are set as follows. It is assumed to be land region between x = 0 km and 10 km, and sea surface with wind speed of 5 m/s for x >10 km. There are a obstacle and an island defined by the trigonometric functions located at 3∼5 km and 12∼14 km, respectively. The atmospheric pressure is 1013 m band temperature is 15 • in the whole computation region. For x < 7 km, it is standard atmosphere environment and the surface of the ground is assumed to be medium dry ground. Between x = 7 km and 10 km, the rain rate is R = 12.5 mm/h with RH = 80%, and the surface of the ground is assumed to be wet. There is advection fog environment with the visibility of 100 m and RH = 95% over rough the sea surface. Figure 8 shows the distribution of the propagation factor (PF) in standard atmosphere [ Figure 8 (a)] and complex meteorological environments [ Figure 8(b) ]. We can observe clearly that the propagation losses for x >7 km in Figure 8 (b) are higher than those in Figure 8 (a), which is caused by the rain and fog attenuation. It verifies that the PE method can handle effects of complex geographical environments as well as the complex meteorological environments. Figure 9 shows the values of propagation loss (PL) versus height at the distance of x = 7 km, 10 km and 20 km, respectively. For comparison, the results of ignoring atmospheric attenuation are also shown in Figure 9(a) . From the compared results,we observed that the atmospheric attenuation is about 1 dB at x = 7 km. For proving the effects of rain environment, Figure 9(b) gives the propagation losses for two meteorological environments of rain and standard atmospheric environment between x = 7 km and 10 km. Compared with the standard atmospheric environment, the rain attenuation is about 8 dB. Figure 9(c) gives the propagation losses of advection fog and standard atmospheric environment, respectively. From Figure 9 (c), we can see that the fog attenuation is about 3 dB lower than the standard.
CONCLUSIONS
The study of millimeter-wave propagation in the troposphere is of great significance for practical engineering applications. This work has developed a parabolic equation model for estimating propagation attenuation caused by hydrometeors and atmospheric gases. The model has been employed to simulate the millimeter-wave propagation in complex geographical environments of irregular terrain and rough sea surface, and complex meteorological environments of standard atmosphere, rain and fog. The results demonstrate that the proposed model is suitable to simulate long-range millimeter-wave propagation with complex geographical and meteorological conditions. This scheme will provide an important reference for design and application of millimeter-wave systems. A next step in the research is to study the effect of foliage on millimeter-wave propagation based on PE method.
